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The effect of the abiotic stress hormone abscisic acid on plant
disease resistance is a neglected ﬁeld of research. With few
exceptions, abscisic acid has been considered a negative
regulator of disease resistance. This negative effect appears to
be due to the interference of abscisic acid with biotic stress
signaling that is regulated by salicylic acid, jasmonic acid and
ethylene, and to an additional effect of ABA on shared
components of stress signaling. However, recent research
shows that abscisic acid can also be implicated in increasing
the resistance of plants towards pathogens via its positive
effect on callose deposition.
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Introduction
The plant hormone abscisic acid (ABA) plays important
roles in many aspects of plant development, in the regula-
tion of stomatal aperture, and in the initiation of adaptive
responses to various environmental conditions. Adaptation
to drought, low temperature and salinity is regulated by
the combinatorial activity of interconnected ABA-depen-
dent and ABA-independent signaling pathways [1]. By
contrast, the plant hormones salicylic acid (SA), jasmonic
acid (JA) and ethylene (ET) play major roles in disease
resistance. These biotic stress hormones do not control
isolated linear signaling pathways but are part of a complex
network of synergistic and antagonistic interactions [2,3].
Although ABA-controlled and biotic-stress signaling
appear to share many common elements, the role of
ABA in plant disease resistance is not well deﬁned. Abiotic
and biotic stress signaling have remained mostly separate
ﬁelds of research despite the awareness that plants have to
cope with and adapt to situations in which they are
simultaneously exposed to several stresses in their natural
environment. Recent evidence suggests the existence of a
signiﬁcant overlap between signaling networks that con-
trol abiotic stress tolerance and disease resistance.
The role of ABA in disease resistance
On the basis of experiments with exogenous application
of ABA, inhibition of ABA biosynthesis and/or the use of
ABA-deﬁcient mutants it has been shown that enhanced
ABA levels correlated with increased susceptibility and
that a reduction below wildtype (WT) levels increased
resistance to many pathogens [4–12,13,14,15]. Changes
in ABA concentration following the inoculation of plants
with pathogens were rarely measured in these experi-
ments. Reduced ABA levels were observed in beans upon
inoculation with rust [16]. In soybeans that were inocu-
lated with Phytophthora, a decrease in ABA concentration
occurred only in the incompatible reaction [17]. By con-
trast, viral infection of tobacco led to an increase in ABA
concentration [18]. The observed changes in ABA con-
centration were, however, modest compared to the dra-
matic changes in SA, JA and/or ET production during
pathogenesis.
Abiotic stress has a strong effect on ABA accumulation
and is known to inﬂuence the outcome of plant–pathogen
interactions [19]. The susceptibility of rice plants to
Magnaporthe grisea was increased by application of ABA
and following cold stress [15]. Inhibition of ABA synthesis
prevented the cold-induced susceptibility; hence, ABA is
a key factor in the suppression of disease resistance to
M. grisea. With regard to ABA-induced susceptibility, it is
worth noting that several fungal pathogens can produce
ABA [20,21].
There are also reports of a positive correlation between
ABA levels and disease resistance. Viral infection
increased ABA concentrations in tobacco, and treatment
with ABA increased virus resistance [18,22]. Interestingly,
ABA inhibited the transcription of a basic b-1,3-glucanase
[23] that can degrade the b-1,3-glucan callose, forming a
physical barrier to viral spread through plasmodesmata.
Plants that were deﬁcient in basic b-1,3-glucanase were
more resistant than WT plants to viral infection [24]. The
downregulation of b-1,3-glucanase by ABA can function
therefore as a resistance factor in plant–virus interactions
but also has the potential to compromise basic resistance
towards fungal and oomycete pathogens.
In Arabidopsis, ABA treatment or simulated drought stress
that resulted in a large increase in ABA concentrations
increased susceptibility to avirulent bacteria [13]. These
treatments did not affect the interaction with an avirulent
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isolate of the oomycete Hyaloperonospora parasitica, but
inoculation of the ABA-deﬁcient mutant aba1-1 with
virulent isolates of H. parasitica resulted in partial resis-
tance. In contrast to the WT, aba1-1 mutants developed
necrotic spots at the site of inoculation. Sexual reproduc-
tion was suppressed and asexual reproduction was mark-
edly reduced in aba1-1 mutants when infected with
virulent H. parasitica. The ABA-insensitive mutant abi1-
1 remained susceptible to virulent isolates ofH. parasitica.
Thus, the concentration of ABA rather than the presence
of a functional ABA-signaling pathway is important for the
development of disease susceptibility in Arabidopsis. This
suggests that ABA interferes indirectly with disease resis-
tance by interacting with biotic stress signaling.
How does ABA inﬂuence disease resistance?
Little is known about the primary causes of ABA-induced
disease susceptibility. ABA does not directly stimulate or
inhibit fungal growth [4,12]. The possibility that ABA
could inﬂuence disease resistance through its control of
stomatal aperture and water relations is not discussed in
this review.
ABA treatment has been shown to suppress phytoalexin
synthesis and to inhibit the activity and transcript accu-
mulation of phenylalanine ammonium lyase [4,8,11]. The
ABA-deﬁcient sitiens mutant of tomato has increased
resistance to infection by Botrytis cinerea [12]. Application
of ABA restored the susceptibility of sitiens and increased
the susceptibility of WT plants to B. cinerea. In contrast to
Arabidopsis, the resistance of tomato against B. cinerea
depended on SA and not on JA/ET signaling. Increased
activity of phenylalanine ammonium lyase was measured
in sitiens plants upon inoculation. Treatment with the SA
functional analog benzothiadiazole induced higher levels
of PR1 protein and restored resistance to B. cinerea in WT
plants. The sitiens mutant had greater SA-mediated
responses and was more resistant to P. syringae pv. tomato
thanWTplants [14]. These results suggest an antagonistic
effect of ABA on SA-mediated defense signaling. Thus,
high ABA concentrations interfere with resistance against
pathogens controlled by the SA signaling pathway.
There is overwhelming evidence that ABA interacts
with ET- and sugar-mediated signaling [25]. High ABA
concentrations inhibit ET production [26], and the ABA
and ET signaling pathways interact mostly antagonisti-
cally in plant development [27,28] and in vegetative
tissues [29]. Mutant screens for ET insensitivity or
for enhanced response to ABA led to the identiﬁcation
of the same gene (ETHYLENE INSENSITIVE2 [EIN2]/
ENHANCED RESPONSE TO ABA3 [ERA3]) thus iden-
tifying the encoded protein as a point of convergence in
ABA and ET signaling [28]. The ein2 mutant overpro-
duces ABA and it is therefore not clear whether ethylene
insensitivity and/or ABA overproduction causes its sus-
ceptibility to necrotrophic pathogens.
Synergistic and antagonistic effects were reported for
the interaction of the ABA and JA signaling pathways
[30,31]. The complex interplay was recently analyzed in
Arabidopsis by Anderson et al. [29]. High ABA concen-
trations strongly reduced the transcript levels of JA- or
ET-responsive defense genes, whereas ABA-deﬁcient
mutants showed a corresponding increase. Interestingly,
the inhibitory effect of ABA could not be overcome by the
application of methyl-JA or ET. This suggests that abiotic
stress signaling has the potential to override biotic stress
signaling in situations of simultaneous stress.
Disruption of the transcription factor AtMYC2, which is a
positive regulator of ABA signaling [32], resulted in
elevated levels of basal and induced expression from
JA- and ET-responsive defense genes [29]. Analysis
of the jasmonate-insensitive jin1 mutant revealed that
JIN1 is allelic to AtMYC2 [33]. AtMYC2 activates genes
that are involved in JA-mediated systemic responses to
wounding but represses JA-mediated genes that are
involved in defense against pathogens. AtMYC2 is a late
point of convergence of ABA and JA signaling: it activates
ABA-regulated gene expression and inhibits a subset of
JA-regulated defense genes. Consequently, jin1, knock-
out mutants of AtMYC2 and the ABA-biosynthetic mutant
aba2-1 were more resistant to various fungal pathogens
[29,33]. Resistance to these pathogens was previously
shown to be JA- and ET-dependent [34].
ABA and biotic-stress signaling do not always have op-
posing effects. The Arabidopsis MYB-related protein
BOTRYTIS SUSCEPTIBLE1 (BOS1) shows high
sequence similarity to AtMYB2, which functions as a
transcriptional activator in ABA signaling [35]. The
expression of BOS1 was induced by B. cinerea via the
jasmonate pathway, and the promoter of BOS1 contained
ABA-responsive elements. BOS1 appears to control the
expression of a subset of jasmonate- and ABA-inducible
target genes whose expression is important for the estab-
lishment of abiotic and biotic stress tolerance. Loss of
BOS1 function caused enhanced susceptibility to necro-
trophic pathogens and impaired tolerance towards water
deﬁcit, salinity, and oxidative stress.
The rapidly accumulating data from large-scale expres-
sion proﬁling strongly supports the existence of regulatory
networks. Biotic and abiotic stress, as well as ABA, SA, JA
and ET, control the expression of different but over-
lapping sets of genes. A detailed comparison of the down-
stream targets of ABA and biotic stress signaling is beyond
the scope of this review.
ABA and biotic stress signaling share
additional elements
The signaling responses of plants to ABA and biotic
stress share many similarities that might act as additional
nodes of competitive or synergistic interaction. The rapid
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generation of reactive oxygen species (ROS) is a central
component of disease resistance responses and of ABA
signaling [36,37]. The same NADPH-dependent respira-
tory burst oxidase homologs seem to be implicated in
ROS generation in both systems [38,39]. Similarly, nitric
oxide has emerged as an important mediator of plant
defense responses and as a component of ABA-signaling
in the control of stomatal aperture and in adaptive plant
responses to drought stress [40,41].
Ca2+ signaling is important in the expression of disease
resistance and in ABA-controlled stomatal movements
and responses to dehydration [42,43]. Klu¨sner et al. [44]
presented evidence that fungal elicitors activate a branch
of the signaling network that is shared with ABA signaling
in the regulation of plasma-membrane-localized Ca2+
channels. The expression of various calcium-dependent
protein kinases (CDPKs) of tobacco was upregulated by
ABA, JA, pathogens, fungal elicitors and abiotic stress
(reviewed in [45]). Similarly, CaCDPK3 was induced by
abiotic stress factors, ABA, SA, ET, JA and an avirulent
bacterial pathogen [46].
The expression and activity of the rice mitogen-activated
protein kinase OsMAPK5 was activated by ABA, various
abiotic stresses and pathogen attack [47]. OsMAPK5
inversely modulates broad-spectrum disease resistance
and abiotic stress tolerance. Suppression of OsMAPK5
expression resulted in constitutive expression of
PATHOGENESIS-RELATED (PR)-proteins and in
increased disease resistance. However, the plants in
which OsMAPK5 expression was suppressed showed
reductions in drought, salt and cold tolerance. By contrast,
the overexpression of OsMAPK5 kinase activity had the
opposite effect.
Overexpression of ACTIVATED DISEASE RESIS-
TANCE1 (ADR1), which encodes a coiled-coil (CC)–
nucleotide binding site (NBS)–leucine-rich repeat (LRR)
gene, caused enhanced resistance to virulent pathogens
and to drought stress but decreased tolerance towards
thermal and salinity stress. The drought tolerance estab-
lished by ADR1 was dependent on ABI1 function and
components of SA signaling [48].
ABA-dependent priming of biotic and abiotic
stress tolerance
Plants that have been treated with the non-protein amino
acid b-aminobutyric acid (BABA) develop an enhanced
capacity to resist biotic and abiotic stresses. This BABA-
induced resistance (BABA-IR) is associated with an
increased capacity to express defense responses in stress
situations, a phenomenon called priming [49,50]. Inter-
estingly, the treatment of plants with BABA has the
potential to prime the expression of both SA- and
ABA-regulated genes, thus suggesting that BABA affects
a shared signaling component. Mutants that are impaired
in the production of or in sensitivity to ABA were found to
be blocked in BABA-induced priming of biotic and abio-
tic stress tolerance ([51]; G Jakab BMauch-Mani, unpub-
lished). The Arabidopsis mutant impaired BABA-induced
sterility3 (ibs3) is defective in the ABA-biosynthetic zeax-
anthin epoxidase gene and showed reduced levels of
BABA-IR against H. parasitica and decreased callose
deposition [52]. Arabidopsis mutants that had impaired
ABA sensitivity and the callose-deﬁcient mutant powdery
mildew resistant4-1 ( pmr4-1) did not express BABA-IR
against necrotrophic fungi [51]. The link between
ABA and callose is further strengthened by the fact that
the application of ABA mimicked the effect of BABA
treatment on both callose deposition and resistance
against necrotrophic fungi [51,53]. However, the
observed link might also be an indirect one due to the
interference of callose synthase with other proteins impli-
cated in cell wall integrity.
Mutants such as ibs3, aba1-5 and abi4-1 are not impaired
in basal but in primed callose deposition upon pathogen
attack. The molecular mechanism of ABA-mediated
priming is not known. Callose production is a secretory
process and the fusion of the involved secretory vesicles
with the plasma membrane is mediated by SNARE
(soluble N-ethyl-maleimide-sensitive fusion protein
attachment protein receptor) proteins. During cell-plate
formation, callose synthase is transported in vesicles to
the location where its function, the synthesis of callose, is
required [54]. Interestingly, SNAREs have repeatedly
been implicated in ABA-dependent responses to abiotic
stress and to pathogen resistance [55,56]. An additional
mutant that is impaired in BABA-IR has a defect in a
SNARE gene, suggesting that ABA is involved in callose
deposition through the regulation of speciﬁc SNAREs
(V Flors, B Mauch-Mani, unpublished).
Conclusions
Current evidence suggests that ABA affects disease resis-
tance mainly negatively by interfering at different levels
with biotic stress signaling. The involvement of ABA in
primed callose production is one of the few examples of a
positive role of ABA in disease resistance. It has become
increasingly clear that the previously isolated abiotic
signaling network that is controlled by ABA and the biotic
network that is controlled by SA, JA and ET are inter-
connected at various levels (Figure 1). Whether all of the
potential connections and shared nodes are actually used
for cross-talk remains to be determined.
The analysis of this combined network is a difﬁcult task.
The concept of marker genes whose expression is
believed to be regulated by individual hormones does
not do justice to the nature of the network. The apparent
cross-talk in stress-hormone signaling makes it difﬁcult to
assign a marker gene or a mutant phenotype to a speciﬁc
hormone-controlled pathway. The signaling network into
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which the four stress hormones and other signals feed is
apparently designed to allow plants to adapt optimally to
speciﬁc situations by integrating possibly conﬂicting
information from environmental conditions, biotic stress,
and developmental and nutritional status. The responses
of this complex network to naturally occurring changes
are not expected to be digital at any level but rather
graded, thus allowing a ﬁne-tuning of adaptive gene
expression. The nature of the network cannot be com-
pletely understood by overstimulating signal input or by
mutational knockout of individual components. These
situations tend to produce an extreme out-of-balance
state that might occur only rarely in nature. To further
progress our understanding of the complex interactions
between ABA-induced signaling and biotic-stress signal-
ing it will be necessary to produce more quantitative data
at all levels under natural conditions.
Acknowledgements
We gratefully acknowledge funding from the Swiss National Science
Foundation (grants 3100-105884/1 and 3100-067038).
References and recommended reading
Papers of particular interest, published within the annual period of
review, have been highlighted as:
 of special interest
 of outstanding interest
1. Shinozaki K, Yamaguchi-Shinozaki K, Seki M: Regulatory
network of gene expression in the drought and cold stress
responses. Curr Opin Plant Biol 2003, 6:410-417.
2. Thomma BP, Penninckx IA, Broekaert WF, Cammue BP:
The complexity of disease signaling in Arabidopsis.
Curr Opin Immunol 2001, 13:63-68.
3. Turner JG, Ellis C, Devoto A: The jasmonate signal pathway.
Plant Cell 2002, 14:S153-S164.
4. Henﬂing JWDM, Bostock R, Kuc J: Effect of abscisic acid on
rishitin and lubimin accumulation and resistance to
Phytophthora infestans and Cladosporium cucumerinum in
potato tuber tissue slices. Phytopathology 1980, 70:1074-1078.
5. Edwards HH: Effect of kinetin, abscisic acid and cations on
host–parasite relation of barley inoculated with Erysiphe
graminis f. sp. hordei. J Phytopath 1983, 107:22-30.
6. Salt SD, Tuzun S, Kuc J: Effects of b-ionone and abscisic acid
on the growth of tobacco and resistance to bluemold: mimicry
of effects of stem infection by Peronospora tabacina Adam.
Physiol Mol Plant Biol 1986, 28:287-297.
7. Kettner J, Do¨rﬂing K: Biosynthesis and metabolism of abscisic
acid in tomato leaves infected with Botrytis cinerea. Planta
1995, 196:627-634.
8. Ward EWB, Cahill DM, Bhattacharyya M: Abscisic acid
suppression of phenylalanine ammonia lyase activity and
mRNA, and resistance of soybeans to Phytophthora
megasperma f. sp. glycinea. Plant Physiol 1989, 91:23-27.
9. Li A, Heath MC: Effect of plant growth regulators on the
interactions between bean plants and rust fungi non-
pathogenic on beans. Physiol Mol Plant Pathol 1990, 37:245-254.
10. Cahill DM, Morris PF, Ward EWB: Inﬂuence on abscisic acid
levels in soybean hypocotyls infected with Phytophthora
sojae. Physiol Mol Plant Pathol 1993, 42:109-121.
11. McDonald KL, Cahill DM: Inﬂuence of abscisic acid and the
abscisic acid biosynthesis inhibitor, norﬂuorazon, on
interactions between Phytophthora sojae and soybean
(Glycine max). Eur J Plant Pathol 1999, 105:651-658.
12. Audenaert K, De Meyer GB, Ho¨fte MM: Abscisic acid determines
basal susceptibility of tomato to B. cinerea and suppresses
salicylic acid dependent signaling mechanisms. Plant Physiol
2002, 128:491-501.
13.

Mohr PG, Cahill DM: Abscisic acid inﬂuences the susceptibility
of Arabidopsis thaliana to Pseudomonas syringae pv.
tomato and Peronospora parasitica. Funct Plant Biol 2003,
30:461-469.
Figure 1
Pathogen stress Abiotic stress
SA/JA/ET
Defense genes
Disease resistance Abiotic stresstolerance
BABA-IR
Callose
deposition
Primed defense 
gene expression
Biotic and abiotic
stress tolerance
ABA
Current Opinion in Plant Biology
Simplified model depicting the role of ABA in disease resistance. For better clarity, positive modulators of biotic and abiotic stress signaling
such as BOS1 [35] are not included. Similarly, the influence of components of biotic stress signaling (e.g. EIN2 [27,28]) on ABA-mediated
signaling is not shown.
4
This is the ﬁrst publication dedicated to the analysis of the effects of ABA
on the disease resistance of Arabidopsis. ABA treatment and drought
stress stimulated susceptibility to an avirulent isolate of P. syringae pv.
tomato. Unlike the WT, the ABA-deﬁcient mutant aba1-1 reacted to
virulent H. parasitica with hypersensitive response (HR)-like necrotic
spots and displayed increased resistance. The results suggest that
ABA can modulate resistance responses in gene-for-gene interactions.
14. Thaler SJ, Bostock RM: Interactions between abscisic-acid-
mediated responses and plant resistance to pathogens and
insects. Ecology 2004, 85:48-58.
15. Koga H, Dohi K, Mori M: Abscisic acid and low temperatures
suppress the whole plant-speciﬁc resistance reaction of rice
plants to the infection with Magnaporthe grisea. Physiol Mol
Plant Pathol 2004, in press. [Published online doi:10.1016/
j.pmpp.2004.07.002].
16. Ryerson E, Li A, Young JP, Heath MC: Changes in abscisic
acid levels during the initial stages of host and non-host
reactions to the rust fungus. Physiol Mol Plant Pathol 1993,
43:265-273.
17. Cahill DM, Ward EWB: Rapid localized changes in abscisic acid
concentrations in soybean in interactions with Phytophthora
megasperma f. sp. glycinea or after treatment with elicitors.
Physiol Mol Plant Pathol 1989, 35:4583-4593.
18. WhenhamRJ, Fraser RSS, Brown LP, Payne JA: Tobaccomosaic
virus-induced increase in abscisic acid concentration in
tobacco leaves: intracellular location in light and dark green
areas, and relationship to symptom development. Planta 1986,
168:592-598.
19. Mayek-Pe´rez NO, Garcia-Espinosa R, Lopez-Castaneda C,
Acosta-Gallegos JA, Simpson J:Water relations, histopathology
and growth of common bean (Phaseolus vulgaris L.) during
pathogenesis of Macrophomina phaseolina under drought
stress. Physiol Mol Plant Pathol 2002, 60:185-195.
20. Do¨rfﬂing K, Petersen W, Sprecher E, Urbasch I, Hanssen HP:
Abscisic acid in phytopathogenic fungi of the genera Botrytis,
Ceratocystis, Fusarium, and Rhizoctonia. Z Naturforsch 1984,
39:683-684.
21. Crocoll C, Kettner J, Do¨rfﬂing K: Abscisic acid in saprophytic
and parasitic species of fungi. Phytochemistry 1991,
30:1059-1060.
22. Fraser RSS: Are ‘pathogenesis-related’ proteins involved in
acquired systemic resistance of tobacco plants to tobacco
mosaic virus? J Gen Virol 1982, 58:305-313.
23. Rezzonico E, Flury N, Meins F Jr, Beffa R: Transcriptional down-
regulation by abscisic acid of pathogenesis-related beta-1,3-
glucanase genes in tobacco cell cultures. Plant Physiol 1998,
117:585-592.
24. Beffa RS, Hofer R-M, Thomas M, Meins F Jr: Decreased
susceptibility to virus disease of b-1,3-glucanase-deﬁcient
plants generated by antisense transformation. Plant Cell 1996,
8:1001-1011.
25. Leon P, Sheen J: Sugar and hormone connections. Trends Plant
Sci 2003, 8:110-116.
26. LeNoble ME, Spollen WG, Sharp RE: Maintenance of shoot
growth by endogenous ABA: genetic assessment of the
involvement of ethylene suppression. J Exp Bot 2004,
55:237-245.
27. Beaudoin N, Serizet C, Gosti F, Giraudat J: Interactions between
abscisic acid and ethylene signaling cascades. Plant Cell 2000,
12:1103-1115.
28. Ghassemian M, Nambara E, Cutler S, Kawaide H, Kamiya Y,
McCourt P: Regulation of abscisic acid signaling by the
ethylene response pathway in Arabidopsis. Plant Cell 2000,
12:1117-1126.
29.

Anderson JP, Badruzsaufari E, Schenk PM, Manners JM,
Desmond OJ, Ehlert C, Maclean DJ, Ebert PR, Kazan K:
Antagonistic interaction between abscisic acid and
jasmonate-ethylene signaling pathways modulates defense
gene expression and disease resistance in Arabidopsis.
Plant Cell 2004, 16:3460-3479.
ABA is established as a negative regulator of JA/ET-signaling pathways.
High ABA concentrations strongly reduces the transcript levels of JA/ET-
responsive defense genes, whereas these genes show enhanced expres-
sion in ABA-deﬁcient plants. Interestingly, treatment with methyl JA or
ethylene could not overcome the inhibitory effect of ABA. AtMYC2, a
positive regulator of ABA signaling, is identiﬁed as a negative regulator of
JA/ET signaling. Consequently, ABA deﬁciency or mutations in AtMYC2
cause increased resistance towards Fusarium oxysporum.
30. Staswick PE, Su W, Howell SH: Methyl jasmonate inhibition of
root growth and induction of leaf protein are decreased in an
Arabidopsis thaliana mutant. Proc Natl Acad Sci USA 1992,
89:6837-6840.
31. Moons A, Prinsen E, Bauw G, Van Montagu M: Antagonistic
effects of abscisic acid and jasmonates on salt stress-
inducible transcripts in rice roots. Plant Cell 1997,
9:2243-2259.
32.

Abe H, Urao T, Ito T, Seki M, Shinozaki K, Yamaguchi-Shinozaki K:
Arabidopsis AtMYC2 (bHLH) and AtMYB2 (MYB) function
as transcriptional activators in abscisic acid signaling.
Plant Cell 2003, 15:63-78.
The authors establish that AtMYC2 and AtMYB2 are transcriptional
activators of ABA-inducible gene expression. The dehydration-respon-
sive gene rd22 contains MYC- and MYB-recognition sites in its promoter
region that were previously shown to bind to AtMYC2 andAtMYB2. Plants
that overexpressed AtMYC2 and/or AtMYB2 cDNAs had a higher sensi-
tivity to ABA in growth inhibition and germination assays. Microarray
analysis showed that the expression of several ABA-inducible genes was
upregulated in these plants. Opposite phenotypes were found in plants
that had a transposon insertion in AtMYC2. Overexpression of both
AtMYC2 and AtMYB2 resulted in improved tolerance to osmotic stress.
(See [33] for information on the role of AtMYC2 in disease resistance.)
33.

Lorenzo O, Chico JM, Sanchez-Serrano JJ, Solano R:
JASMONATE-INSENSITIVE1 encodes a MYC transcription
factor essential to discriminate between different jasmonate-
regulated defense responses in Arabidopsis. Plant Cell 2004,
16:1938-1950.
The authors establish the role of AtMYC2 in biotic stress signaling and the
existence of two branches of the JA-signaling pathway. JASMONIC ACID
INSENSITIVE1 (JIN1/JAI1) is identiﬁed as AtMYC2. Surprisingly, AtMYC2
differentially regulates two groups of JA-responsive genes. It is a negative
regulator of JA-regulated defense genes, such as PDF1.2 and basic
chitinase, and a positive regulator of genes that are induced by wounding,
such as VEGETATIVE STORAGE PROTEIN2 (VSP2). The transcription
factor ETHYLENE-RESPONSE FACTOR1 (ERF1) has the opposite effect
on the expression of these genes. Constitutive expression of AtMYC2
caused hypersensitivity to JA and ABA (see [32]) and the AtMYC2
mutant jin1 showed increased resistance towards B. cinerea and Plecto-
spherella cucumerina.
34. Berrocal-Lobo M, Molina A: Ethylene response factor 1
mediates Arabidopsis resistance to the soil borne fungus
Fusarium oxysporum. Mol Plant Microbe Interact 2004,
17:763-770.
35.

Mengiste T, Chen X, Salmeron J, Dietrich R: The BOTRYTIS
SUSCEPTIBLE1 gene encodes an R2R3MYB transcription
factor protein that is required for biotic and abiotic stress
responses in Arabidopsis. Plant Cell 2003, 15:2551-2565.
Analysis of an Arabidopsis mutant that has increased susceptibility
towards B. cinerea identiﬁed the BOS1 gene as a MYB transcription
factor. The expression of Botrytis susceptible1 (BOS1) was induced by B.
cinerea via the jasmonic acid pathway and its promoter contained ABA-
responsive elements. Functional BOS1 was also required for resistance
against Alternaria brassicicola, the reduction of disease symptoms in the
biotic interactions with P. syringae pv. tomato and H. parasitica, and for
abiotic stress tolerance against drought, salinity and oxidative stress.
36. Laloi C, Apel K, Danon A: Reactive oxygen signaling: the latest
news. Curr Opin Plant Biol 2004, 7:323-328.
37. Guan LM, Zhao J, Scandalios JG: Cis-elements and trans-
factors that regulate expression of the maize Cat1 antioxidant
gene in response to ABA and osmotic stress: H2O2 is the
likely intermediary signaling molecule for the response.
Plant J 2000, 22:87-95.
38. Torres MA, Dangl JL, Jones JDG: Arabidopsis gp91phox
homologues AtrbohD and AtrbohF are required for
accumulation of reactive oxygen intermediates in the
plant defense response. Proc Natl Acad Sci USA 2002,
99:517-522.
5
39. Kwak JM, Mori IC, Pe ZM, Leonhardt N, Torres MA, Dangl JL,
Bloom RE, Bodde S, Jones JDG, Schroeder JI: NADPH oxidase
AtrbohD and AtrbohF genes function in ROS-dependent ABA
signaling in Arabidopsis. EMBO J 2003, 22:2623-2633.
40. Wendehenne D, Durner J, Klessig DF: Nitric oxide: a new player
in plant signalling and defence responses. Curr Opin Plant Biol
2004, 7:449-455.
41. Garcı´a-Mata C, Lamattina L: Nitric oxide induces stomatal
closure and enhances the adaptive plant responses against
drought stress. Plant Physiol 2001, 126:1196-1204.
42. Blume B, Nu¨rnberger T, Nass N, Scheel D: Receptor-mediated
increase in cytoplasmic free calcium required for activation of
pathogen defense in parsley. Plant Cell 2000, 12:1425-1440.
43. Knight H, Trewavas AJ, Knight MR: Calcium signalling in
Arabidopsis thaliana responding to drought and salinity.
Plant J 1997, 12:1067-1078.
44. Klu¨sner B, Young JJ, Murata Y, Allen GJ, Mori IC, Hugovieux V,
Schroeder JI: Convergence of calcium signaling pathways of
pathogenic elicitors and abscisic acid in Arabidopsis guard
cells. Plant Physiol 2002, 130:2152-2163.
45. Ludwig AA, Romeis T, Jones JDG: CDPK-mediated signalling
pathways: speciﬁcity and cross-talk. J Exp Bot 2004,
55:181-188.
46. Chung E, Park JM, Oh SK, Joung YH, Lee S, Choi D: Molecular
and biochemical characterization of the Capsicum annuum
calcium-dependent protein kinase 3 (CaCDPK3) gene induced
by abiotic and biotic stresses. Planta 2004, 220:286-295.
47.

Xiong L, Yang Y: Disease resistance and abiotic stress
tolerance in rice are inversely modulated by an abscisic acid-
inducible mitogen-activated protein kinase. Plant Cell 2003,
15:745-759.
TheOsMAPK5 gene is functionally characterized as a positive regulator of
abiotic stress tolerance and as a negative regulator of disease resistance.
Expression of OsMAPK5 was induced by ABA and by various biotic and
abiotic stresses. RNA-interference (RNAi)-mediated suppression of
OsMAPK5 caused the constitutive expression of defense-related genes
and led to enhanced resistance against M. grisea and the bacterial
pathogen Burkholderia glumae. By contrast, it caused decreased
drought, salt and low-temperature tolerance. Plants that overexpressed
OsMAPK5 had the opposite phenotype.
48.

Chini A, Grant JJ, Seki M, Shinozaki K, Loake GJ: Drought
tolerance established by enhanced expression of the CC–
NBS–LRR gene, ADR1, requires salicylic acid, EDS1 and ABI1.
Plant J 2004, 38:810-822.
Activation-tagging of the CC–NBS–LRR receptor kinase ADR1 suggested
that it might be a component of both biotic and abiotic stress tolerance.
ADR1 overexpression conferred broad-spectrum disease resistance and
increased drought tolerance. The plants in which ADR1 was overex-
pressed were, however, more sensitive than wildtype plants to salinity
and thermal stress. ADR1-controlled stress signaling depended on com-
ponents of both the SA and the ABA signaling pathways.
49. Conrath U, Pieterse CMJ, Mauch-Mani B: Priming in plant–
pathogen interactions. Trends Plant Sci 2002, 7:210-216.
50. Zimmerli L, Jakab G, Metraux JP, Mauch-Mani B: Potentiation of
pathogen-speciﬁc defense mechanisms in Arabidopsis by
beta-aminobutyric acid. Proc Natl Acad Sci USA 2000,
97:12920-12925.
51.

Ton J, Mauch-Mani B: b-aminobutyric acid-induced resistance
against necrotrophic pathogens is based on ABA-dependent
priming of callose. Plant J 2004, 38:119-130.
This publication demonstrates that BABA-IR against necrotrophic fungi is
based on an ABA-dependent defense pathway that controls primed
callose accumulation. Mutants that are affected in ABA sensing, ABA
production or callose production were defective in BABA-IR, whereas
plants that had mutations in the JA, ET or SA pathways showed WT
phenotypes. Chemical inhibition of callose deposition reversed BABA-IR,
and ABA mutants showed no priming of callose deposition. Treatment of
WT plants with ABA mimicked the effects of BABA priming on resistance
and callose deposition.
52.

Ton J, Jakab G, Toquin V, Iavicoli A, Flors V, Maeder MN, Me´traux
J-P, Mauch-Mani B: Dissecting the b-aminobutyric acid-
induced priming pathways in Arabidopsis. Plant Cell 2005,
17:987-999.
In a screen aimed at identifying Arabidopsis mutants that have an
impaired capacity to react to BABA treatment, one of the detected
mutants (ibs3) turned out to have a T-DNA insertion in the gene coding
for the ABA biosynthetic enzyme zeaxanthin epoxidase. ibs3 was com-
promised in BABA-IR against H. parasitica, was affected in priming for
callose deposition, and showed a reduced BABA-induced tolerance to
high salinity. This phenotypic reduction in priming for biotic and abiotic
stresses correlated with a defect in priming for ABA-inducible gene
expression.
53. Flors V, Ton J, Jakab G, Mauch-Mani B: Abscisic acid and
callose: team players in defense against pathogens?
J Phytopathol 2005, 153:1-7.
54. Verma DP, Hong Z: Plant callose synthase complexes.
Plant Mol Biol 2001, 47:693-701.
55. Zhu J, Gong Z, Zhang C, Zhang C, Song C-P, Damsz B, Inan G,
Koiwa H, Zhu J-K, Hasegawa PM, Bressan RA:A syntaxin protein
in Arabidopsis controls abscisic acid-mediated and
non-abscisic-acid-mediated responses to abiotic stress.
Plant Cell 2002, 14:3009-3028.
56. Collins NC, Thordal-Christensen H, Lipka V, Bau S, Kombrink E,
Qiu J-L, Hu¨ckelhoven R, Stein M, Freialdenhoven A,
Sommerville SC, Schulze-Lefert P: SNARE-protein-mediated
disease resistance at the plant cell wall. Nature 2003,
425:973-977.
6
